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Dominant Transport Mechanism: 
Rossby Wavebreaking 

•  Observed as reversals in the meridional gradient of 
PV on an isentropic surface 

•  Peaks along tropical boundary (subtropical jet/
tropopause break) during the summer at 350K ≤ θ ≤ 
400K, during the winter at 420K < θ ≤ 500K 

•  Most previous studies focus on θ ≤ 350K  
(e.g., Postel & Hitchman, 1999; Waugh & Polvani, 2000; Wernli & Sprenger, 2007) 

•  Recent study near the tropical tropopause illustrates 
the role of stationary anticyclones (Asian Monsoon) 
(Konopka et al, 2010) 
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Figure 1. (a) zonal wind averaged between January 16 and February 14, 1997 (contour interval 10 m/s; negative values shaded).
(b-f) PV on January 26 to February 1, 1997 (PV = (-5, -4, ..., 5) PVU contoured, with |PV | > 2 PVU shaded). All fields are on the
350 K isentrope.

Finally, events which involve only small isolated regions of
high PV in the tropics are removed, to prevent blobs of high
PV that are not immediately connected to a wave breaking
event from been counted. To test the robustness of the cli-
matology presented below, the analysis was repeated using
1.75 PVU as the critical value of PV, and the results were
found to be very similar to those presented in this paper
except for a slightly greater number of events.

Results

Figure 2 shows the resulting climatology of intrusion
events (vertical bars, with northern hemisphere events shaded)
together with the equatorial zonal winds (curves). The
events occur predominantly during northern winter (Figure
2a) and over the Pacific (180�- 260�E) and Atlantic (310�-
360�E) oceans, with events more frequent in the Pacific re-
gion (Figure 2b). Comparing the event frequency with the
climatological equatorial zonal winds confirms the relation-
ship between the occurrence of intrusion events and equa-
torial westerlies; the latter are present over the Pacific and
Atlantic oceans during northern fall through spring, but not
during summer. It should also be noted that there are si-
multaneous variations in the strength of the subtropical jet,
with stronger di✏uence in the jet exit region in the presence
of stronger equatorial westerlies.
Figures 2c and 2d show that there is a large interan-

nual variability associated with intrusion events, particu-
larly within the Pacific. The variability of Pacific events
is strongly correlated with the phase of ENSO (correlation
coe�cient of -0.84 with the Nino 3.4 index), with fewer in-
trusion events in the warm phase (1982/83 and 1997/98 win-
ters) than in the cold phase (1988/89 and 1998/99). This
interannual variability is also consistent with changes in the
zonal wind: During the warm phase there are weaker equa-

torial westerlies, and also a stronger subtropical jet, in the
Pacific, see curve in Figure 2c. The impact of ENSO on
the Pacific UT flow and equatorward propagation of Rossby
wave activity has been noted in previous studies [Tomas and
Webster, 1994; Matthews and Kiladis, 1999]. The intrusion
event climatology further suggests that ENSO impacts the
lateral transport of tracers into and within the tropics.
Figure 2 shows that the spatial and temporal variations

in the occurrence of intrusion events is similar in the north-
ern and southern hemispheres. Furthermore, northern and
southern intrusions often occur simultaneously; for a third
of the NH events identified there is also a SH event in the
same region. In Figure 1, for instance, the tip of a tongue
of low PV can be seen in southern tropics just west of the
northern hemisphere tongue (Figures 1d and 1e) (see also
Figure 2 of Tomas and Webster [1994]).
It is worth remarking that the seasonal variation of intru-

sion events in the NH climatology presented here is opposite
to the one found by Postel and Hitchman [1999]. This is be-
cause their criteria were chosen to identify all wave break-
ing events on the subtropical tropopause, whereas our cri-
teria are chosen to capture only those wave breaking events
which transport stratospheric air directly into the deep trop-
ics. Therefore, although the northern summer subtropical
tropopause is more disturbed and exhibits more wave break-
ing than the winter tropopause [Postel and Hitchman, 1999],
wave breaking events that transport high-PV air directly
into the deep tropics occur predominantly during northern
winter (when there are equatorial westerlies).
Finally, we note that the PV evolution during the ma-

jority of the intrusion events identified in our climatology is
remarkably similar to that shown in Figure 1, with the dis-
turbance amplification and wave breaking occuring in the jet
exit region poleward of the equatorial westerlies. This is con-
sistent with idealized modeling studies [Nakamura, 1994; Pe-

RWB Example 

From Waugh & Polvani, 2000; PV > 2 pvu shaded 



Geographical Distribution 

•  @350K from Postel 
& Hitchman, 1999  

•  Maxima occur in 
regions of weak 
westerlies 

•  Locations of maxima 
vary with altitude 
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FIG. 11. Same as in Fig. 10 except wind speeds (m s21) instead of PV gradients. Wind speed
contours are labeled. Values greater than 15 (30) m s21 are lightly (heavily) shaded.

the subtropical highs and over the midoceans provide
evidence of and for the preferential recurrence of RWB.

6. Summary and discussion

Though many studies acknowledge RWB as an im-
portant contributor to the complex of mixing processes
in the atmosphere, there exists no prior survey of its
spatial and temporal distributions near the tropopause.
Results of this study have established that RWB induced
tropopause folding at 350 K occurs preferentially over
the summertime oceans, downstream of the subtropical
high pressure systems. The juxtaposition of the tropical
troposphere and extratropical stratosphere in these re-
gions fosters mixing between these two very different
flow regimes.
Outflow from the subtropical highs is directly in-

volved with RWB, and participates in the troposphere–
stratosphere interaction induced by the attendant tro-
popause folding. To this extent, troposphere–strato-
sphere interaction is geographically rooted to regions
adjacent and downstream of the anticyclone systems, in

accordance with the tropopause fold distributions shown
in Figs. 4 and 5. Implications that the east sides of the
subtropical highs support such interaction via RWB are
firmly supported by the aforementioned results from
Chen (1995) and Dunkerton (1995). As Chen (1995)
pointed out, the upper-level quasi-stationary subtropical
highs are easy to break, based on their close proximity
to their critical line, and should thus enhance cross-
tropopause mass exchange above 340 K in the summer
hemisphere.
The communication between the tropical troposphere

and extratropical stratosphere focused on in this paper
behaves quite differently from that described by classic
teleconnection theory in which linear, quasi-rotational
waves propagate away from low latitudes into the ex-
tratropics (e.g., Hoskins and Karoly 1981; Sardeshmukh
and Hoskins 1988; Hoskins and Ambrizzi 1993).
Though the trajectories shown in section 4 suggest that
the RWB distributions are, in part, manifestations of the
coupling between the divergent outflow atop the sub-
tropical highs and the traveling eddies in the midlati-
tudes, the air parcel paths reveal connections that are



Role of Westerly Ducts 
•  Regions over eastern Pacific and central Atlantic of 

westerlies from NH subtropics to SH subtropics  
•  Strongest during NH winter, facilitate equatorward 

propagation of Rossby waves 

•  Focus of RWB analysis in Waugh & Polvani, 2000 
•  Caveat: typically only 2-3 significant events over NH 

Pacific during entire winter season 



Role of Stationary Anticyclones P. Konopka et al.: Annual cycle of ozone at and above the tropical tropopause 127
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Fig. 7. Mean distribution of O3 at ✓=380K as calculated with CLaMS (top) and derived from Aura MLS observations (bottom, Version 2.2)
during the winter (DJF, left) and summer (JJA, right). For CLaMS and MLS the averaged values over the 2002–2005 and 2005–2007
periods, respectively, were calculated. The white arrows denote the isentropic wind derived from ECMWF data covering the 2002–2005
period. The black arrows denote the anticyclones in the northern (Asian and American monsoon) and in the Southern Hemisphere (Bolivian
high, Australian monsoon and a weak anticyclone over South Africa), which drive in-mixing and are responsible for enhanced O3 in MLS
observations. The thick red points are locations of the two SHADOZ stations (Kuala Lumpur and Nairobi)

of P-O3 can only be understood as a consequence of in-
mixing with the most dominant contribution from the North-
ern Hemisphere in summer. On the other hand, the weaker
winter maximum diagnosed in the model is hardly present in
the HALOE/SHADOZ observations. In CLaMS this signal
is caused by enhanced equatorward transport from the South-
ern Hemisphere into the tropics during austral summer.

4 In-mixing and the Asian monsoon anticyclone

The importance of in-mixing for the composition of air
around the tropical tropopause can also be deduced from the
structure of the zonal winds shown in the middle panel of
Fig. 4 (white lines are plotted for 20, 15 and 10m/s, from
thick to thin line, respectively). Here, a difference between
the Northern and Southern Hemisphere is obvious. In both
hemispheres the subtropical jet is weaker during the respec-
tive summer season than during the respective winter season
(Chen, 1995) with the smallest zonal winds in the Northern
Hemisphere in summer. The subtropical jet in the Southern

Hemisphere forms an effective transport barrier during the
whole year even if some weaker signatures of in-mixing from
the Southern Hemisphere can be seen during the austral sum-
mer (see enhanced P-O3 in February, March at 20�S).
The most pronounced hemispheric asymmetry of the cli-

matological flow pattern in the vicinity of the tropopause
originates from the Asian summer monsoon that manifests
as a strong anticyclone in the upper troposphere (Dethof
et al., 1999; Randel and Park, 2006; Park et al., 2007). This
nearly stationary summer circulation extends well into the
lower stratosphere up to about 20 km (or ✓=420K) and ef-
fectively isolates the air masses of tropospheric origin inside
from much older, mainly stratospheric air outside this anticy-
clone (Park et al., 2008). Furthermore, this circulation signif-
icantly weakens the subtropical jet making it permeable for
meridional transport (Haynes and Shuckburgh, 2000).
In Fig. 7 the horizontal distribution of O3 at ✓=380K is

shown for the winter months, December to February (DJF,
left) and summer months, June to August (JJA, right) derived
from the CLaMS simulations (2002–2005, top) and observa-
tions measured by the Microwave Limb Sounder (MLS) on

www.atmos-chem-phys.net/10/121/2010/ Atmos. Chem. Phys., 10, 121–132, 2010

From Konopka et al, 2010 



ATTREX Observations 





Convective 
Detrainment 

Very dry air 
near 440K 
(~19 km) 



Red points: very dry 
observations 

10-day backward 
trajectories finish start 





Conclusions 

•  No evidence of recent mixing of 
extratropical LS air into the TTL in the 
available ATTREX observations 

•  Best opportunity for observing RWB into the 
TTL will be from late spring to summer over 
the Pacific 

•  Possible to target an event in the westerly 
duct during winter 


